INTRODUCTION
Harmonic distortion has become a main concern in distribution systems during the last years. The technical specification for power quality in the distribution networks, particularly with reference to the limits of voltage distortion, are defined in the European Standard EN 50160. The AEM Torino organized a measurement survey to monitor the situation of the MV and LV distribution networks w.r.t. different power quality aspects. A summary of the main results of the survey on the harmonic distortion in the AEM MV and LV distribution systems is presented. The impact of public lighting on the voltage distortion of the LV distribution network is investigated and several remedies are discussed both from the analytical and the experimental point of view.
VOLTAGE DISTORTION IN THE AEM MV AND LV DISTRIBUTION NETWORKS
The AEM distribution system feeds about the half of the electric loads of the city of Turin. The MV distribution network is fed by five different HV/MV substations. Three different levels of MV distribution voltages are currently used: 27 kV, 22 kV and 6.3 kV. A survey has been undertaken to assess the power quality problems (voltage sags, overvoltages, harmonic distortion) of AEM's distribution networks. 20 different measurement sites have been monitored for about one week each. Generally, the values of voltage THD were not high and they comply with the European Standard. The only exception was in the LV distribution networks characterized by a high public lighting load (see figure).
Voltage THD and 5 th harmonic amplitude at the 400 V busbars of the AL-76 substation
The voltage distortion summary of 8 measurement sites is reported in figure along with the European Standard limits. 
LV HARMONIC DISTORTION DUE TO PUBLIC LIGHTING: ANALYSIS AND REMEDIES
The increase in voltage distortion due to public lighting (PL) motivated the analysis of the harmonic behaviour of the PL lamps and the investigation of effective remedies. The main types of PL lamps have been tested in laboratory in order to estimate the main electric parameters and the harmonic content of the lamp current. The voltage distortion is due to the interaction between the lamp power factor correction capacitors and the MV/LV transformer reactance which amplifies the 5 th harmonic of the voltage of the MV supplying network. The reduction of the voltage distortion on the LV side of the MV/LV substation can be obtained by: a) limitation of the PL load with respect to the rated power of the transformer; b) reduction of the total capacitance of lamp power factor correction capacitors; c) addition of capacitors with series reactors at the LV busbars; d) reduction of the 5 th harmonic in the MV network; e) increase of the MV/LV transformer rated power.
The proposed remedies have been tested either directly on field and with a laboratory experimental model. Accurate numerical studies have been done using a harmonic power-flow program. All the results proved the effectiveness of the proposed remedies. The main remedy chosen was the reduction of PL loads in the existing substations. New planning and design rules, based on this study, have also been introduced to limit the PL load in future installations.
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ABSTRACT
Harmonic distortion has become a main concern in electric distribution systems during the last years. Several public utilities are experiencing harmonic problems on their networks and, consequently, many efforts have been devoted to develop methodologies to analyze the problem and to evaluate the behavior and the impact that different appliances have on voltage distortion. Systematic assessment of the distribution networks has been undertaken by many electric companies all over the world and many surveys have been published. In Europe, the Directive 85/374 recognized to electricity the nature of a commodity and hence the need to guarantee a minimum level of quality standards. Those standards are underway of definition by the various national regulators and penalties will be charged to the companies that do not comply with those standards, making the power quality problems more pressing. At a European level, the technical specification for power quality in the distribution networks, particularly with reference to the limits of voltage distortion, are defined in the European Standard EN 50160 that can be assumed as a reference. The AEM Torino organized a measurement survey, with several on-site measurements, to monitor the situation of the MV and LV distribution networks with respect to some different power quality aspects. Particularly, during this survey, the phase current and voltage, the active and reactive power, the total harmonic distortion (THD) and the 5 th harmonic of voltage and current have been monitored in different locations of the networks. In this paper a summary of the main results of the survey on the situation of the AEM MV and LV distribution systems, mainly with reference to the voltage distortion aspects, is presented. In this framework, the impact of public lighting on the voltage distortion of the LV distribution network is investigated and several remedies are discussed both from the analytical and the experimental point of view.
VOLTAGE DISTORTION IN THE AEM MV AND LV DISTRIBUTION NETWORKS
The AEM's MV distribution system feeds, at present, about the half of the electric loads of the city of Turin Generally, the values of voltage THD were not high and they comply with the European Standard (1). The only exception was in the LV distribution networks characterized by a high public lighting load. The 27 kV network is characterized by lower values of voltage distortion (< 1.8%) (Fig. 1) . On the 22 kV network the situation varies considerably and depends on the HV/MV substation feeding the network; the values vary in the range 1-4%.The portion of the 22 kV network fed by the Monterosa substation has been considered with more interest, due to the fact that its load has reached almost its steady state load value. This substation is equipped with two 132 kV/22 kV, 63 MVA transformers but, in its normal state, only one transformer is in service. The voltage distortion of the 22 kV network during a typical week is depicted in Fig.  2 where both the voltage THD and the amplitude of the 5 th harmonic voltage are represented. In the LV distribution network fed by the 6.3 kV network the THD is lower and it reaches a maximum of 2.8% (Fig.3) while the 22 kV distribution networks has voltage THD in the range 2-4% (Fig. 4) . In Fig. 7 the voltage distortion summary of 8 measurement sites is reported along with the limit on THD and on 5 th harmonic. • The voltage distortion is mainly due to the 5 th harmonic (THD and 5 th harmonic are almost coincident) both for the MV and LV side.
• The daily behavior at the LV busbars shows a sudden decrease in the voltage distortion when PL is switched off (at about 7 a.m. in Fig.5 , at 6 a.m. in Fig.6 ) and a sudden increase. when PL is switched on (at about 5 p.m. in Fig.6 , at 21,30 p.m. in Fig.6 ). The increase in THD and 5 th harmonic magnitude is about 2.5% for the AP92 substation and about 4% for the AL76 substation.
• The 7 th harmonic is always negligible.
• The 3 rd harmonic is negligible also at the low voltage busbars.
The correlation between the PL switching on and the increase in voltage distortion motivated the analysis of the harmonic behaviour of the PL lamps (2-5) and the investigation of effective remedies.
HARMONIC BEHAVIOR OF PL LAMPS
The PL service is usually carried on with the use of discharge lamps. There are various types of discharge lamps that differ mainly as regards the type of gas used to fill the bulb and the power. The main types of lamps that are used for PL in Turin are:
• sodium gas (Na) with power of 150 and 250 W;
• mercury gas (Hg) with power of 125 and 250 W;
• alogenuri gas (HQI) with power of 100 W.
These types of discharge lamps have been tested in laboratory. The aim was to estimate the main electric parameters of the lamps and, above all, to characterize the harmonic contents of the absorbed current.
The main results are summarized in Tab. 1 in which the lamp power factor (PF), with and without capacitor, the current (not considering the capacitor), with some of its harmonics and the THD are presented. The most relevant harmonics are the 3 rd (7.3-12%), the 5 th (1.2-3.8%) and the 7 th (1.1-2%); higher order harmonics are negligible (<1%). The values slightly depend on the lamp type and power. The current THD is relatively low (about 8-12%). The capacitance of the capacitor for PF improvement depends mainly on the lamp type. Sodium and alogenuri gas lamps need higher specific capacitance, varying with their power in the range 125-135 µF/kW. Mercury gas lamps need less capacitance compared to the sodium lamps, in fact their specific capacitance belongs to the range 72-80 µF/kW.
EXPLANATION OF THE LV HARMONIC DISTORTION
To explain the increase of voltage distortion on the LV side of MV/LV transformers, during the switching on periods of the PL loads, the very simple model of Fig. 8 can be used.
Fig. 8. Simplified model
All the circuit elements are referred to a given harmonic of order k; X K represents the reactance of the MV/LV transformer and of the MV network feeding the substation, V NK represents the k th harmonic of the supply voltage of the MV network, V K is the voltage on the LV side of the transformer, whose level of distortion is under investigation, B K is the equivalent admittance of all the PF correction capacitor installed on the lamps and I LK represents the total current of the lamps. The other loads fed by the same substation, can be included in the Thévenin parameters V NK and X K . The generic k th harmonic voltage phasor at the point P can be expressed as:
where the first term puts into evidence the influence of the MV network distortion level (and of the other LV loads connected), while the second term takes the contribution of the lamps into account. The two terms in (1) can compensate each other, so that the total distortion due to k th harmonic can decrease. The complex coefficients a K (amplification factor for the k th harmonic) is given by:
Introducing the short circuit power S CC (whose limitation is mainly due the MV/LV transformer reactance) and the reactive power supplied by the capacitors Q C , both evaluated at the same voltage, a K can be expressed as:
with:
where k R is the order of harmonic for which the network and transformer reactance X K is equal to the reactance of the capacitors B K -1 (resonance condition). The coefficient a K allows to put the role played by the capacitors into evidence; in fact, if there are no capacitors (B K =0) then a K =1, otherwise, for the most important harmonics (5 th and 7 th ) a K >1, leading to an amplification of the voltage distortion of the network (V NK ) even without the contribution of the load current I LK . It should be noted that usually the reactive power Q C is lower than the rated power of the transformer and then the amplification factor of the 5 th harmonics is monotonically increasing. The resonance condition occurs for a value of Q C almost equal to the transformer rated power, while for a value of Q C greater than one half of the transformer power the amplification factor value is greater than 2.
CORRECTIVE STRATEGIES
The reduction of the voltage distortion on the LV side of the MV/LV substation feeding PL loads can be obtained by different approaches: a) limitation of the PL load with respect to the rated power of the transformer; b) reduction of the total capacitance of lamp power factor correction capacitors; c) addition of capacitors with series reactors at the LV busbars; d) reduction of the 5 th harmonic in the MV network; e) increase of the MV/LV transformer rated power.
The proposed remedies have been drawn from the simplified model of Section 3. They have been tested either directly on field and with a laboratory experimental model. Accurate numerical studies have been done using a harmonic power-flow program on a detailed model of the LV distribution system. All the results proved the effectiveness of the proposed remedies.
a) Limitation of the PL load
As it has been shown in Section 3, the voltage distortion depends mainly on the reactive power of the lamp power factor correction capacitors. The total capacitor reactive power depends on the total power of the lamps and on the type of lamps (Tab. 1). Chosen, with respect to the voltage distortion without PL load, the maximum amplification factor of the 5 th harmonic, it is possible to evaluate the maximum reactive power of the lamp capacitors. Then, it is possible to compute the maximum rated power of a mix of lamps, taking into account for each different kind of lamp its specific capacitance. Tab. 2 reports the absolute (kW) and relative (%) PL load limits for different transformers (with rated power S N and impedance Z SC ) and for different composition of the PL load between mercury and sodium lamps (0, 50%, 100%). The effect of PL load reduction on the voltage distortion has been experimentally tested in the AP92 substation where there are 5 different PL lines, feeding about 15 kW of lamps each. 
b) Reduction of the capacitance of lamp capacitors
The model of Section 3 can also be used to evaluate the amount of reactive power that has to be removed to reduce the voltage distortion. Once the maximum value of the 5 th harmonic amplification factor has been fixed, the value of reactive power and hence the number of capacitors to remove can be evaluated. To partially compensate the reduction of power factor correction, the reactive power of the removed lamp capacitors can be installed at the substation LV busbars. To avoid voltage distortion problems, the substation capacitors must be equipped with a series inductor (harmonic block reactor). An appropriate frequency of series resonance is about 180-200 Hz.
c) Addition of capacitors at the LV busbars
Instead of removing capacitors from the lamps, it is possible to add capacitors with harmonic block reactor at the substation LV busbars. It can be proved that adding 1 kvar of capacitors (with series reactor tuned at 190 Hz) is equivalent, in terms of voltage distortion reduction, to the elimination of 1.24 kvar of lamp capacitors. The advantages of this solution are the preservation of power factor correction benefits in the PL lines and the cost reduction obtained by avoiding the expensive removal of each lamp capacitor.
Remedies b) and c) have been tested on the laboratory experimental model. The results showed that the most effective remedy is the substitution of lamp capacitors with substation capacitor equipped with series reactor that reduces the 5 th harmonic amplification factor from 1.7 to 1.16. Also the addition of substation capacitors gives good results with an amplification factor of 1.32, and this seems to be the cheapest solution. The removal of lamp capacitors leads to an amplification factor slightly higher (1.43) even if it can be enough to comply with the standard.
d) Reduction of the 5 th harmonic in the MV network
The voltage distortion of the LV network can be reduced by decreasing the 5 th harmonic of voltage of the MV network, with the same amplification factor for the 5 th harmonic. Since the voltage distortion of the MV network is mainly due to the HV/MV transformer reactance, the operation of the HV/MV substation with two transformer in service can be effective. If each transformer feeds a separate MV busbar, the increase of the short circuit power is avoided.
e) Increase of the MV/LV transformer rated power
To reduce the distortion it is also possible to increase the rated power of the MV/LV transformer feeding the LV network for the same value of PL load.
Among all the investigated solutions, the main remedy chosen to reduce the voltage distortion in the AEM LV network due to the PL load was the reduction of PL loads in the existing substations. New planning and design rules, based on the indications of Tab. 2, have also been introduced to limit the maximum PL load allowed for future installations.
CONCLUSIONS
The results of the harmonic survey in the AEM MV and LV distribution networks show that there are no significant problems of voltage distortion. The only exception is the increase of voltage distortion in LV distribution networks with a significant public lighting load. The distortion level, in certain cases, could be remarkably high. An analysis of the problem has been presented based on field measurement and on theoretical and experimental models. The proposed models and experimental tests show that the main cause of the voltage distortion can be traced back to the power factor correction capacitors of the lamps, while the current distortion of the lamps plays a negligible role. Some possible remedies are the PL load reduction with respect to the rated power of the MV/LV transformer or the increase in the rated power of the transformer with fixed PL load, the partial elimination of the lamp capacitors, the addition of capacitors (with series reactor) with or without the corresponding elimination of lamp capacitors. The effectiveness of the proposed remedies has been verified by field tests or laboratory experiments.
